We perform systematic investigation on the geometric, energetic and electronic properties of group IV-VI binary monolayers (XY), which are the counterparts of phosphorene, by employing density functional theory based electronic structure calculations. For this purpose, we choose the binary systems XY consisting of equal numbers of group IV (X = C, Si, Ge, Sn) and group VI elements (Y = O, S, Se, Te) in three geometrical configurations, the puckered, buckled and planar structures. The results of binding energy calculations show that all the binary systems studied are energetically stable. It is observed that, the puckered structure, similar to that of phosphorene, is the energetically most stable geometric configuration. Moreover, the binding energies of buckled configuration are very close to those of the puckered configuration. Our results of electronic band structure predict that puckered SiO and CSe are direct band semiconductors with gaps of 1.449 and 0.905 eV, respectively. Band structure of CSe closely resembles that of phosphorene. Remaining group IV-VI binary monolayers in the puckered configuration and all the buckled monolayers are also semiconductors, but with indirect band gaps. Importantly, we find that the difference between indirect and direct band gaps is very small for many puckered monolayers. Thus, there is a possibility of making these systems undergo transition from indirect to direct band gap semiconducting state by a suitable external influence. Indeed, we show in the present work that seven binary monolayers namely SnS, SiSe, GeSe, SnSe, SiTe, GeTe and SnTe become direct band gap semiconductors when they are subjected to a small mechanical strain (≤ 3 %). This makes nine out of sixteen binary monolayers studied in the present work direct band gap semiconductors. Thus, there is a possibility of utilizing these binary counterparts of phosphorene in future light-emitting diodes and solar cells. 
I. INTRODUCTION
A search of novel monolayer materials is one of the important goals of material science and condensed matter physics research activity. Graphene is considered as the most fundamental two-dimensional (2D) monolayered material and it is one of the well studied 2D systems, both in theory and experiments, due to its many interesting novel properties and potential applications 1,2 . However, the major disadvantage with graphene is that it has no electronic band gap and hence it is difficult to use graphene in semiconductor device applications. Recently, the other group IV 2D materials such as silicene, germanene and stanene have attracted great interest [3] [4] [5] [6] [7] [8] [9] [10] [11] , but it is also difficult to use them as semiconductor devices. Phosphorene, a monolayer of phosphorus, has opened up the field of group V based 2D monolayer materials [12] [13] [14] [15] [16] [17] . It has an appropriate band gap for electronics applications and is shown to act as a field effect transistor 12 . At present, the field is rapidly expanding ever since the experimental realizations of phosphorene 12, [18] [19] [20] [21] [22] [23] . In the search of the semiconducting monolayer, the focus is shifted to group V based systems, namely, nitrogenene, arsenene, and antimonene, which are nitrogen, arsenic and antimony based monolayers respectively. They have also been predicted to be stable by first-principles calculations [24] [25] [26] [27] [28] [29] . In case of group III monolayers, planar aluminene, monolayer of aluminum, is predicted to be stable but it is a metal 30 . Recently, a binary 2D system consisting of an equal number of two different elements draws growing attention. The properties of the binary 2D systems can be entirely different from those of elemental 2D systems. For instance, hexagonal boron nitride (h-BN), which has a planar honeycomb structure similar to graphene, shows insulating behaviour with a large band gap in contrast to the semi-metallic behaviour of graphene. In general, there are several possible materials, BN, AlN, GaN, InN, BP, AlP, GaP, InP, BAs, AlAs, GaAs, etc, consisting of equal numbers of group III and group V atoms. These binary systems have the same number of valence electrons in an unit cell as that of graphene, silicene, germanene and stanene. Hence, it can be considered as derivatives of group IV monolayers. It has been observed in previous studies that all the group III-V binary counterparts of graphene, studied up to now, show semiconducting behaviour 31 . Now, it is natural to ask questions: whether there exist hexagonal monolayers made up of group IV and VI elements, which are counterparts of phosphorene, arsenene, antimonene or in general, monolayer derivatives of group V. If they exist, what are their properties? From both fundamental and application points of view, it is important to perform studies on these group IV-VI binary systems. Although there are some first-principles calculations on SnS, SnSe, GeS, and GeSe [32] [33] [34] [35] , all of them are known to be indirect-gap semiconductors. Direct gap semiconducotors are desirable for practical applications. In this paper, we systematically investigate the geometric, energetic and electronic properties of group IV-VI monolayers (XY) (with X = C, Si, Ge, Sn and Y = O, S, Se, Te) by employing density functional theory (DFT) based electronic structure calculations.
This choice of elements would give sixteen possible combinations of materials, namely, CO, SiO, GeO, SnO, CS, SiS, GeS, SnS, CSe, SiSe, GeSe, SnSe, CTe, SiTe, GeTe, and SnTe. For each of these 2D binary monolayers, we have considered three different possible geometrical configurations such as the puckered, buckled and planar structures. The binding energy calculations predict that all the sixteen binary monolayers studied in the present work are energetically stable. For most of the cases, the puckered configuration, similar to that of phosphorene, is the most stable configuration. Among the minimum energy configurations, we observe that two systems SiO and CSe in the puckered configuration are direct band semiconductors with band gaps of 1.449 and 0.905 eV, respectively, while the remaining materials are indirect band gap semiconductors. Moreover, our calculations predict that seven monolayers (SnS, SiSe, GeSe, SnSe, SiTe, GeTe and SnTe) in the puckered configuration undergo an indirect-to-direct band gap transition by the application of small mechanical strain (≤ 3 %). These results indicate that the group IV-VI 2D materials are promising materials for applications in light-emitting devices and solar cells.
This paper is organized in the following manner. In the next section, we describe the computational details employed in the present work. Section III contains the results and discussion, and then in Section IV, we give summary of our results.
II. COMPUTATIONAL DETAILS

Density functional theory (DFT)
36 based calculations have been performed using Vienna ab-initio simulation package (VASP) 37 within the framework of the projector augmented wave (PAW) method. We employ generalized gradient approximation (GGA) given by PerdewBurke-Ernzerhof (PBE) 38 for exchange-correlation functional. The plane waves are expanded with energy cut of 400 eV. We use Monkhorst-Pack scheme for k-point sampling of Brillouin zone integrations with 41×31×1 and 31×31×1 for the puckered and buckled/planar configurations, respectively. The convergence criteria for energy in SCF cycles is chosen to be 10 −6 eV. The geometric structures are optimized by minimizing the forces on individual atoms with the criterion that the total force on each atom is below 10 −2 eV/Å. We choose the following valence electronic configurations for C [2s tion perpendicular to the plane of 2D sheet so that the interaction between two adjacent unit cells in the periodic arrangement is negligible. The geometric structures are drawn using XCrySDen software
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III. RESULTS AND DISCUSSIONS
A. Geometric Structure and Binding Energy
We consider the hexagonal monolayer structure made of group IV and VI elements in three different possible geometrical configurations, the planar, buckled and puckered structures. These three geometrical configurations are found to be the minimum energy structures of already known monolayer systems. Graphene and hexagonal boron-nitride form the planar structure, while silicene, germanene and stanene possess the buckled structure. Recently fabricated phosphorene has been shown to form the puckered structure. In addition, buckled phosphorene, which is named as blue phosphorene, has also been proposed theoretically 40 . In the case of arsenene, it is observed that both of the puckered and buckled structures are stable and their binding energy difference is small 24 . The hexagonal structure is bipartite consisting of the A and B sublattices. We assume that the group IV (X = C, Si, Ge, Sn) atoms reside at the A sites, while the group VI (Y = O, S, Se, Te) atoms reside at the B sites forming the hexagonal structure. The ball and stick model of group IV-VI monolayers in the buckled and puckered configurations are shown in Fig.1 . The unit cell of the buckled structure contains one group IV atom and one group VI atom, while that of the puckered structure contains two group IV atoms and two group VI atoms as shown in Fig.1 .
The results of the binding energy and geometric analysis of group IV-VI binary monolayers in these three con-figurations are summarized in Table I . It is observed that the puckered structure is slightly deformed as compared with phosphorene since the two sublattices are not the same. In order to understand how the geometrical properties vary with the materials, we have also plotted variations of (a) the binding energy, (b) the lattice constant, (c) the bond length and (d) the bond angle of the binary monolayer XY in Fig.2 .
The binding energy (E B ) of the group IV-VI binary monolayers (XY) is calculated by using the formula
where E XY (2D) , E X(atom) , E Y (atom) are the energies of group IV-VI binary monolayers, their constituent atoms X and Y, respectively; n is the number of group IV or VI atoms in the unit cell. Then, we scaled the binding energy by the number of atoms in the unit cell. It is observed from Table I that all the binary monolayers studied in the present work are energetically stable (the negative sign of E B indicates that they form bound states). Our calculations predict that the puckered structure is the minimum energy configuration for group IV-VI binary monolayers, except for SiS and SiSe. For many monolayers, we find that the binding energies of the buckled structure are very close to those of the puckered structure. It is important to note that even for SiS and SiSe, the binding energy differences between the buckled and puckered configurations are 0.01 and 0.02 eV/atom, respectively, which are very small. Thus, both the geometric configurations of SiS and SiSe are nearly equally probable at room temperature.
On the other hand, the planar structure is the least stable structure for group IV-VI binary monolayers. The hexagonal planar structure can support the sp 2 hybridization, whereas the favourable hybridization in group V monolayers (phosphorene and arsenene) is sp 3 . Thus, our results suggest that the hybridization in group IV-VI binary monolayers is similar to those of phosphorene and arsenene. The hybridization in phosphorene and arsenene is sp 3 -like but they do not show the characteristic bond angle of 109.47 due to the presence of nonbonding lone pair of electrons in one of the hybridized orbitals. Ammonia (NH 3 ) is the molecular equivalent for the group IV-VI binary monolayers. However, we wish to mention here that, unlike the presence of pure covalent-like bonding in elemental group V monolayers, there must be some amount of ionic component in the bonding in group IV-VI binary monolayers due to the difference in electronegativity between group IV and VI elements. The details of the Bader charge analysis for group IV-VI binary monolayers will be discussed in the next section.
In Fig.2 , we plot the binding energies, lattice constants, bond lengths and bond angles of the hexagonal group IV-VI binary monolayers. For a given group IV element X, the binding energy increases monotonically when we go from O to Te in group VI. The trend is similar for all The puckered structure is the minimum energy configuration except for SiS and SiSe systems. However, the binding energy difference between the puckered and buckled structure is very small. (b) The lattice constants for the IV-VI monolayers. There are two lattice constants for the puckered structure since the structure is anisotropic. (c) The bond length for the IV-VI monolayers. There are two different types of X-Y bond in the puckered structure. Bond lengths d1 and d2 are illustrated in Fig.1 . It also contain the buckling length for buckled structure. (d) The bond angle for the IV-VI monolayers. There are four types of bond angles, a1, a2, a3 and a4 in the puckered structure (illustrated in Fig.1.) the group IV elements except for the monolayer CO [See Fig.2 (a) ]. The reason that CO deviates from the trend is that it forms an one-dimensional structure. There is only one lattice constant (a), one bond length (d1) and one bond angle (a1) in both planar and buckled structures. They have the space group P6/mmm and P3m1, respectively. In case of puckered structure with the space group Pmn2 1 , there are two lattice constants (a, b), two bond lengths (d1, d2) and four bond angles (a1, a2, a3, a4), which are shown in Fig.1 . We observe that variations of the lattice constant and the bond length are similar to that of the binding energy. They increase smoothly when we go down the columns of both groups IV and VI. These variations can be explained as follows: As we go down the column either in group IV or VI, the distance of valence electrons from the nucleus increases, and hence the atomic radius of element which is responsible for the binding energy of the system increases with the size. Both the lattice constants and the bond lengths exhibit similar trend due to the increase in the atomic radii of the elements. We also observe that the buckling length, which is defined as the vertical distance between SiO, GeO and SnO CO (b) (a) FIG. 3 : (color online) The optimized geometric structures of oxides: (a) SiO, GeO, SnO (b) CO in the puckered configuration. CO does not form a 2D structure but a liner chain along the lattice a. However, the other oxides form 2D structure which is slightly different from the puckered configuration. Small green (big red) balls represent group IV (group VI) atoms).
the atoms at the A and B sites in the buckled structure, increases proportionately with the increase in bond length and hence they show nearly same trend as that of the bond length and lattice constant a.
On the other hand, the bond angles in the buckled and puckered structures of group IV-VI binary monolayer show decreasing trend when we go down the columns of group IV or VI. Due to the symmetry of the space group, the bond angle in the planar structure is fixed at 120
• and the bond angle a1 is equal to a4 in the puckered structure. It is important to note that bond angles a2 and a3 are identical in phosphorene and arsenene, where the atoms are placed in two planes. The puckered structures of phosphorene and arsenene contain the following bond angles a1 = a4 = 98.15
• ; a2 = a3 = 103.69
• and a1 = a4 = 94.64
• ; a2 = a3 = 100.80
• , respectively. The difference between these two angles (a2 and a3) indicates that the atoms (X and Y) in the unit cell are not in the same plane.
It is observed from Fig.2(d) that the puckered structures of group IV-VI monolayers are significantly deformed in comparison with phosphorene. A large deformation is observed for the oxides since the difference between a2 and a3 is very high. The bond angles in oxides (CO, SiO, GeO and SnO) also show slightly different trend as compared to the sulfides, selenides and tellurides. The detailed analysis shows that the geometries of the puckered oxides are converged to slightly different structures. The ball and stick models of optimized geometries of oxides are shown in Fig.3 . We observe large values of a 2 for SiO, GeO and SnO. Moreover, CO in the puckered form does not form a 2D structure, but forms a one-dimensional chain along the a axis. Also in the case of the buckled structure, the bond angles of the oxides show different trend in comparison with other monolayers. This clearly indicates that the behaviour of oxides are different from those of sulfides, selenides and tellurides.
B. Band Structure and Density of States
In this subsection, we discuss the results of the electronic band structures and the density of states (DOS) of 2D monolayers made up of group IV and VI elements. The electronic band structures of group IV-VI binary monolayers in the planar, buckled and puckered configurations are given in Fig. 4-6 , respectively. It is observed from Fig.4 that most of the group IV-VI monolayers in the least stable planar configuration are metallic due to the strong overlap of the conduction and valence bands. However, the systems made of SiO, GeO, SnO and SnS show the semiconducting behaviour. We represent the indirect and direct band gaps by the oblique (blue color) and vertical (green color) arrows, which are the transitions between the top of the valence band and the bottom of the conduction band. Since these are the least stable configurations for group IV-VI monolayers, we do not discuss their results in detail.
Energetically the next stable configuration is the buckled structure. Similar to the puckered geometric structure, the buckled structure can support the sp 3 -like hybridization. Thus, the binding energies of the buckled structures are higher than those of the planar structures and they are also closer to those of the puckered structures. The results presented in Fig.5 indicate that all the group IV-VI binary materials are indirect band gap semiconductors. Moreover, the nature of dispersion in band structures of sulfides, selenides and tellurides looks very similar to those of buckled phosphorene and arsenene 24, 40 . Both buckled phosphorene (blue) and arsenene are indirect band gap semiconductors. Further, it is observed that the band structure of oxides is somewhat different. In addition, it has been observed that the differences between the fundamental indirect and direct band gaps are very large and they are much higher than the thermal energy (25 meV) at ambient temperature. The lowest difference in the band gaps observed is 177 meV for SiTe. Thus, though the binding energies of buckled structures are closer to those of puckered structures, they may not be useful in any optoelectronic device application due to their indirect band gap semiconducting character.
Let us now discuss the results of the band structures of group IV-VI binary monolayers in the most stable puckered structure. Our calculations predict that all the binary monolayers in the puckered configuration are semiconductors. It is observed from Fig.4 that SiO and CSe possess direct band gaps of 1.449 and 0.905 eV, respectively. It is interesting to note that the band structure of CSe is quite similar to that of phosphorene. In both cases, the direct band gap transitions occur at the Γ point and the value of the band gap in CSe is almost the same as that of phosphorene (∼ 0.91 eV) 18, 41, 42 . Hence, CSe can be considered as an alternate, group IV-VI based, counterpart of phosphorene. The reason that the band structures of phosphorene and CSe are similar is the electronegativity is same for both C and Se atoms.
On the other hand, the band dispersions observed in SiO and also in other oxides look quite different from those of phosphorene and arsenene. The observed differences in nature of dispersion in oxides as compared to those of phosphorene and arsenene can be attributed to the significant deformation in the geometric structures of oxides. In this case, the direct band gap occurs along the Γ-X direction which is different from that of CSe and phosphorene.
In addition, it is to be noted that the band structure of CO is entirely different as compared to those of other oxides since it does not form complete 2D like geometric structure. Though the other sulfides, selenides and tellurides show indirect band semiconducting behaviour, their band structures are highly anisotropic and the nature of dispersion is nearly similar to those of phosphorene 18, 43 and arsenene 24 . We also plot the fundamental band gaps of the puckered and buckled structures in Fig.7 which are given in Table I . Except for oxides, the band gap of the puckered structure is smaller than that of the buckled structure for each material. The trend is consistent with the results observed in phosphorene and arsenene. Band gap in puckered phosphorene is 0.91eV 17, 18, 44 which is smaller than 2eV of band gap observed in buckled phosphorene 40 . In case of arsenene, the values of band gaps in puckered and buckled structures are 0.831 and 1.635 eV respectively 24 . We find that there is an overall decreasing trend in the values band gaps of group IV-VI binary monolayers when we go from O to Te. Before proceeding further, we wish to compare the properties of group IV-VI binary monolayers with those of bulk materials available in the literature in order to understand the variation upon the reduction in dimension. In Table III , we summarize the experimentally obtained geometrical parameters and band gaps for some of the bulk materials, namely GeS, SnS, GeSe and SnSe which are available in the literature. We find that our theoretical results for the lattice constants (a and b, given in Table I ) for the puckered monolayers match well with the corresponding experimental values for these bulk materials. The maximum differences in the values of a and b are found to be less than 4.5 %. It is natural to expect very close match between the results of geometric structure of monolayer and bulk material since the latter has layered structure as well.
In order to understand the contribution of different orbitals to the electronic states, we have also performed the calculations of the total DOS and the partial DOS for puckered structures and the results are given in Fig.8 . We find that the valence band structures of puckered structures have dominant contributions from the p orbitals of both group IV and VI elements. They additionally have very small contribution from the s orbitals. The characteristic of p dominant valence states is commonly observed in monolayer honeycomb systems such as silicene, germanene, phosphorene and arsenene. Furthermore, it is also observed that the valence states near the Fermi level have more contribution from the p orbitals of group VI atoms in comparison with that of group IV atoms. This is due to the fact that the number of valence electrons in group VI elements is higher than that of group IV elements. However, we find that the carbon based systems such as CS, CSe, CTe show the opposite trend, where the states near the Fermi level has larger contribution from the p orbital of C.
To understand the reason behind this deviation and also to check whether there is any charge transfer between the group IV and VI atoms, we have carried out the Bader charge analysis for all the puckered group IV-VI binary monolayers. The Bader charge is the amount of the charge in the Bader volume, which is defined so that the charge density takes a minimum on its surface. The Bader charge divides the total electronic charge of a system into its constituent atoms. The results obtained from this analysis are summarized in Table II . It is clearly seen from Table II that there exists a net charge transfer between the constituent atoms. This confirms that there is an ionic contribution to the bonding between the atoms, which is in contrast to the purely covalent bonding present between the atoms in the elemental monolayers. It is interesting to note that the charge is getting transferred from X (group IV) to Y (group VI) atoms but with exception of CS, CSe and CTe. The reason for the charge transfer from group IV to group VI atoms is due to the fact that the electronegativity for the group VI elements ξ X such as O, S, Se and Te (their respective values in Pauling scale are 3.44, 2.58, 2.55 and 2.1 eV) are higher that those of the group IV atoms ξ Y such as Si, Ge and Sn (their respective values 1.90, 2.01 and 1.96 eV) . Thus, the Si, Ge and Sn atoms happen to lose charges to O, S, Se and Te. On the other hands, the electronegativity of carbon (2.55 eV) is comparable to that of S, and Se and higher than that of Te. Hence, there is some amount of charge getting transferred from S, Se and Te to C atoms. Thus, based on the electronegativity of elements it is possible to explain the trend in the charge transfer between the constituent atoms in group IV-VI binary monolayers. We show the relationship between the Bader charge difference and the electronegativity difference in Fig.9 . We find that they are to some extent proportional to each other.
Another important observation is that the band structures of group IV-VI binary monolayers possess many conduction band minima and valence band maxima. In several cases, these minima and maxima lie at the same momentum vectors. Thus, an electronic transition between these extrema can take place through optical absorption. We wish to note here that the energy differences between the fundamental indirect and direct band gaps for several group IV-VI binary monolayers in the puckered configuration are small. The values of indirect, direct band gaps and their difference are given in seventh, eighth and ninth columns of Table I , respectively. Hence, there is a possibility of making these binary monolayers to undergo a transition from indirect to direct band gap by suitable external influences. In this case, we choose to apply mechanical strain, both compressive and tensile, on these structures and probe whether they can be converted into direct band gap materials since it is well known that the direct band gap semiconductors are preferred over the indirect band gap one for any optoelectronic device applications. Further, application of strain can be achieved by using a suitable substrate.
C. Influence of Mechanical Strain
To probe the possibility of strain induced indirect-todirect band gap transition in group IV-VI binary monolayers, we have carried out the band structure calculations of these systems, when they are under the influence of mechanical strain. We apply both compressive and tensile strains along the two lattice vectors "a" and "b" (See Fig.1 ). The application of mechanical strain is simulated by constraining the lattice constant and relaxing the position of each atom during the geometric optimization. The amount of strain is represented as the change in the lattice constant from its fully optimized geometry (±∆a or ±∆b) . The positive and negative signs indicate the tensile and compressive strains, respectively. We have performed the calculations for mechanical strain from 1 to 3 %. Our calculations predict that the seven systems (SnS, SiSe, GeSe, SnSe, SiTe, GeTe and SnTe) undergo an indirect-to-direct gap transition by the application of mechanical strain within this range. The results of their band structures with strain along the "a" and "b" lattice directions are given in Fig.10 . The results indicate that The systems, mentioned above, undergo a indirect-to-direct band gap transition due to the application of very small strain (≤the tensile strain along the "a" direction mainly induces an indirect-to-direct gap transition. It is important to note that for many indirect band gap sulfides, selenides and tellurides, the conduction band edge emerges along the Γ − X direction in the reciprocal lattice. The valence band edge emerges either at the Γ point or along the Y −Γ direction. The application of tensile (compressive) strain along the "a" lattice direction easily moves the conduction band (including the conduction band edge) along the Γ − X direction away from (towards) the Fermi level, respectively. However, the conduction band along another direction is nearly not affected by this strain. This leads to the situation where the conduction band minimum along the Y − Γ direction (which is not the lowest point in absence of mechanical strain) becomes the conduction band edge. This causes the system to become a direct band gap semiconductor. Different materials need different values of tensile strain. For GeSe and SnTe, a small tensile strain of 1% is enough to make this transition, whereas 3% of strain is required for SiSe. Tensile strain of 2% is sufficient to make the remaining four systems (SnS, SnSe, SiTe and GeTe) undergo an indirect-to-direct gap transition. These differences of the magnitude of strain are naturally understood due to the fact that the energy difference between the indirect and direct gap is very small for GeSe (0.015) and SnTe (0.033) but large for SiSe (0.287).
On the other hand, it is observed that the application of strain along the "b" direction influences the conduction band in nearly the same manner in all the directions of the reciprocal lattice. The effect of the tensile (compressive) strain along the "b" direction moves the conduction band towards (away from) the Fermi level in a nearly rigid fashion. However, we have noted that GeSe becomes a direct band gap semiconductor due to the tensile strain along the "b" direction. Actually, in this case, the difference between the fundamental indirect and direct gaps is very small (15 meV). Thus, small difference in the changes in the conduction band can cause the transition.
Our calculations show that it is possible to make an indirect-to-direct band gap transition in as many as seven group IV-VI binary monolayers by the application of small mechanical strain of about ≤3 %. These results suggest that group IV-VI binary monolayers are promising 2D materials, counterparts of phosphorene, for the application in future optoelectronic devices.
IV. CONCLUSION
We have studied in detail the geometric, energetic and electronic properties of group IV-VI binary monolayers (XY, with X = C, Si, Ge, Sn; Y = O, S, Se, Te) by employing DFT based calculations. For each material, we have considered three possible geometrical configurations, the puckered, buckled and planar structures. Our calculations predict that among these three configuraExperimentally available geometrical parameters and band gaps for the group IV-VI binary bulk materials (The superscripts show the references for the values listed here). tions, the puckered structure, as that of phosphorene, is the minimum energy configuration, whereas the planar structure is the least stable configuration. Moreover, the binding energy of the buckled configuration is very close to that of the puckered configuration.
The electronic band structure calculations show that SiO and CSe in the puckered configuration are direct band gap semiconductors with gaps of 1.449 and 0.905 eV, respectively. Interestingly, CSe possesses the band structure quite similar to that of phosphorene, which suggests that the electronic properties of the former will be similar to that of the latter. Hence, CSe can be considered as an alternate 2D material of phosphorene. The similarity between CSe and phosphorene can be understood by the fact that the electronegativity is identical for C and Se.
All the remaining group IV-VI binary monolayers are found to be indirect band gap semiconductors. It is observed that these semiconducting monolayers have very small difference between their indirect and direct band gaps. Accordingly, by the application of very small mechanical strain (≤ 3 %), it is possible to modify the semiconducting properties from indirect to direct band gap for as many as seven binary monolayers (SnS, SiSe, GeSe, SnSe, SiTe, GeTe and SnTe). Finally, we note that there are several experimental reports on Layered group IV-VI compounds such as SnS 45, 52, 54, 55 . Moreover, the results of geometrical parameters obained for group IV-VI monolayers match well with the experimentally obtained data for their corresponding bulk materials available in the literature. Thus, it is possible to obtain their monolayer counterparts by the exfoliation method. In light of the existing literature combined with the present work, we expect that group IV-VI binary monolayers may well be promising 2D materials for future light-emitting diodes and solar cells.
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